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Abstract Portland cement as a commonly used 
material in soil stabilization projects, releases con-
siderable amounts of  CO2 into the atmosphere, 
highlighting the need to use green binders such as 
ground granulated blast furnace slag as a substitute 
for cement. On the other side, extensive research is 
being conducted on accelerated carbonation treat-
ment to decrease the industry’s carbon footprint. Car-
bonation transforms  CO2 into carbonate minerals. 
This study investigates the influence of accelerated 
carbonation on the unconfined compressive strength 
(UCS) of soil stabilized with alkali-activated slag 
under ambient and oven curing conditions. Effects 
of curing time, binder content, relative density, and 
carbonation pressure (100, 200, and 300 kPa) were 
also studied. Furthermore, a calcimeter test was con-
ducted to determine the amount of carbonate gener-
ated, which reflects  CO2 sequestration in soil. The 
results showed that the carbonated samples achieved 

higher strength than the non-carbonated samples. 
However, a slight decrease in UCS was observed 
with the increase in  CO2 pressure. The generated car-
bonate content directly correlated with the UCS of 
the samples, which explained the higher strength of 
carbonated samples. Also, the ambient curing con-
dition was more favorable for the samples stabilized 
with GGBS, which can be attributed to the supply 
of required moisture. Results from XRD, SEM, and 
FTIR indicated that the strength development was 
due mainly to the formation of carbonation products 
 (CaCO3), which facilitated the densification of solidi-
fied materials.

Keywords Accelerated carbonation · Alkali-
activated slag · Soil stabilization · Geopolymer · 
Cement

1 Introduction

In recent centuries, an increase in greenhouse gas 
emissions as a result of population growth and rising 
energy consumption has caused global climate change 
(Pan et al. 2016). According to estimates, the amount 
of  CO2 in the atmosphere rose by 31.7% between 
1958 and 2021 (Wang et al. 2022). The manufacture 
of cement and concrete accounts for more than 
5–8% of all worldwide  CO2 emissions (Li and Wu 
2022; Marple et  al. 2022; Suescum-Morales et  al. 
2022). Therefore, approaches to reduce greenhouse 
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gas emissions and increase  CO2 sequestration have 
received worldwide attention (Chen et  al. 2021). 
In particular, the 21st Global Warming Conference 
reached the Paris Agreement, which aims to limit the 
increase in global average temperature to below 1.5°C 
by the end of the century (Norhasyima and Mahlia 
2018; Wang et al. 2019, 2022).

As a result, it is important to focus on  CO2 
mitigation and reduction strategies in the cement and 
construction industries. Utilizing cement alternatives 
is one of these strategies for lowering cement usage 
(Chindaprasirt and Rattanasak 2019; Miraki et  al. 
2021). However, this substitution strategy alone has 
not been sufficient to reach the global  CO2 mitigation 
goal. Carbon sequestration is one of the potentially 
effective methods for lowering greenhouse gases 
(Mortezaei and Vahedifard 2015). Carbonation is 
the reaction between atmospheric  CO2 and cations 
in minerals (olivine, wollastonite, and serpentine) or 
alkaline waste (blast furnace slag, cement furnace 
slag, etc.) to form stable carbonates such as calcite 
(Chindaprasirt and Rattanasak 2019; Iorliam 2019; 
Kaliyavaradhan et  al. 2020; Song et  al. 2021; 
Marple et  al. 2022). Calcite  (CaCO3) has the ability 
to chemically and physically bond soil particles and 
soil mechanical strength development (Chen et  al. 
2021; Romiani et  al. 2021). Due to the slow speed 
of the natural carbonation process, high-purity  CO2 
is injected into the alkaline waste in the accelerated 
carbonation method to boost the carbonation rate 
(Wang et al. 2019; Silva et al. 2021). The utilization 
of natural minerals can have negative environmental 
effects due to the mining and energy consumption 
required. Therefore, alkaline activated wastes (AAW) 
containing Ca–Mg silicates are more appropriate for 
soil stabilization and carbon sequestration (Chiang 
and Pan 2017).

Iron and steel slags, one of the possible AAW raw 
materials, have a higher carbonation capacity than 
substances like fly ash because of their higher calcium 
oxide content (Chiang and Pan 2017). In 2011, the 
iron and steel industry was responsible for roughly 
22% of energy consumption and 6–7% of global 
 CO2 emissions (Pan et  al. 2016; Chiang and Pan 
2017). Vast quantities of slag are commonly stored in 
enormous piles, which degrades the land and pollutes 
the air with slag particles (Rouaiguia and El Aal 
2020; Wang et al. 2020). A portion of iron and steel 
slag is utilized in the civil and construction industries, 

such as cement manufacturing, road building, and 
soil improvement. Despite the importance of storing 
and burying iron and steel slag due to its continued 
production in response to the rising demand for iron 
and steel products, not all slags have been identified 
as having recyclable potential (Dindi et  al. 2019). 
Slag is recognized for its highly alkaline nature 
and large concentrations of metal ions, particularly 
calcium; hence, it can be used for carbonation in the 
soil to sequester and store  CO2 (Miraki et al. 2021).

The geopolymer binders are produced by activating 
aluminosilicate raw material in a very alkaline 
environment (Ghadir and Razeghi 2022). Typically, 
aluminosilicate precursors obtained from waste 
materials or natural resources do not require extensive 
pretreatment (Ghadir et al. 2021; Miraki et al. 2021). 
This type of material’s mechanical strength and 
heat resistance is quickly attained through early 
hardening at ambient temperature (Aredes et al. 2015; 
Shariatmadari et  al. 2021). These characteristics 
make them viable replacements for building materials 
based on Portland cement. Aluminosilicate raw 
materials contain sufficient quantities of reactive 
silicate and alumina (Wong et  al. 2019; Razeghi 
et  al. 2022). The geopolymerization procedure leads 
to the development of a hardened product composed 
primarily of Si, Al, and O in addition to alkali 
metal components such as Na and K (Naghizadeh 
2019; Samadi et  al. 2023). The geopolymerization 
procedure consists of two primary steps: initially, 
alumina and silica are dissolved in the alkali activator 
along with the surface hydration of insoluble particles 
(Miraki et al. 2021). After that, a gel is formed by the 
soluble species and active surface groups, creating 
a rigid inorganic polymer structure. The base of the 
geopolymer binder is an aluminosilicate gel network, 
which includes tetrahedral  AlO4 bonded to  SiO4 
by shared oxygen atoms. In order to neutralize the 
negative charge of four coordinated  Al−3 ions, the 
framework cavities contain positive ions such as  Na+ 
(Harichane et  al. 2011; Aredes et  al. 2015). Several 
parameters, such as the mineral composition of 
aluminosilicate material, alkali-activator properties, 
the particle size distribution of raw material, 
curing conditions, and water content, can influence 
geopolymerization mechanism (Syed et  al. 2020; 
Shariatmadari et al. 2021). These variables influence 
the rate of geopolymerization, which affects the 
development of geopolymer cement characteristics. 
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The compact microstructure, improved mechanical 
capabilities, and volumetric stability of geopolymer-
stabilized soils make them ideal for fulfilling the 
demand of engineered soil (Ghadir and Ranjbar 
2018). Additionally, as previously mentioned, the 
high concentration of Ca ions in AAW, particularly in 
ground granulated blast furnace slag (GGBS), makes 
them desirable for carbonation reactions that capture 
 CO2 (Abdullah et  al. 2019; Marple et  al. 2022). In 
previous research, after 90 days of curing, carbonation 
of alkali-activated olivine-treated soil  improved the 
soil’s strength by up to 60% compared to untreated 
soil and by 1.5% compared to alkali-activated 
olivine-treated soil (Fasihnikoutalab et  al. 2017). In 
another study, the influence of pressure variations 
on the  CO2 capture of slag was investigated in the 
range of 1.0–6.0 MPa. In the early stages of aqueous 
carbonation, high pressure was observed to increase 
the rate of carbon sequestration(Mortezaei and 
Vahedifard 2015). nevertheless, it had no effect on the 
slag’s final  CO2 sequestration capacity (Ukwattage 
et  al. 2017). Poletini’s research established that the 
effects of pressure and  CO2 concentration on the 
sequestration of  CO2 by slags were interrelated 
(Polettini et  al. 2016). Under a low pressure of 0.1 
MPa, increasing  CO2 concentration from 10 to 100% 
accelerated  CO2 sequestration in BOF slag. However, 
at a high pressure of 1.0 MPa, there is no such 
monotonous improvement of  CO2 sequestration with 
increasing  CO2 concentration (Polettini et  al. 2016). 
Microstructural investigations revealed a significant 
change in the surface morphology of steel slag 
particles after carbonation (Mo et al. 2016; Ukwattage 
et al. 2017). In other words, the non-carbonated steel 
slag’s microstructure was porous and loose. However, 
 CaCO3 crystals in the form of hexagonal rods were 
produced in large quantities after carbonation. The 
 CaCO3 crystals, which accumulated on the surface of 
minerals, were the major byproduct of the accelerated 
carbonation of steel slag (Ko et  al. 2015; Abdullah 
et al. 2019; Song et al. 2021).

The carbon capture and storage (CCS) technology 
has been the subject of considerable research in 
recent years (Mortezaei and Vahedifard 2015; Vishal 
and Singh 2015). However, fewer studies have looked 
into its qualitative and quantitative performance 
in stabilizing and modifying soils. Therefore, 
this investigation studied the effect of accelerated 
carbonation on the strength parameter of sandy soil 

stabilized with ground granulated blast-furnace slag 
(GGBS). The effect of binder content, relative density, 
accelerated carbonation pressure, and different curing 
times and conditions have been investigated in this 
experimental research. The unconfined compressive 
strength (UCS) test was conducted to measure the 
strength parameter, followed by the calcimeter test 
to quantify the amount of carbonate produced. X-ray 
diffraction (XRD) and Fourier transform infrared 
spectroscopy (FTIR) was also used to analyze the 
microstructural characteristics of stabilized and 
carbonated soil comprehensively. Furthermore, 
SEM–EDS analysis mapping was used to evaluate the 
geopolymers’ matrixes.

2  Materials and methods

2.1  Soil characterization

The sandy soil used in this research was Firoozkooh 
sand from the Firoozkooh mine in Tehran province, 
Iran. Figure  1 shows the distribution curve of soil 
granulation according to ASTM D422-63 (ASTM 
D422 2007). Firoozkooh sand is classified as poorly 
graded sand (SP) according to the Unified Soil Clas-
sification System (USCS). Table 1 shows the physical 
and chemical properties (X-ray fluorescence analysis) 
of the sand.

Fig. 1  Particle-size distribution of the Firoozkooh sand
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2.2  Binders characterization

The GGBS used as a binder was obtained from the 
Isfahan Steel Plant located in Isfahan Province, Iran. 
The chemical components of GGBS obtained using 
X-ray fluorescence analysis are shown in Table 2.

In this study, the alkaline activator used to activate 
the geopolymerization reactions was sodium hydrox-
ide (NaOH) and sodium silicate  (Na2SiO3) in combi-
nation. Sodium hydroxide is manufactured by DRM 
Industrial Chemical Complex located in Tehran, Iran, 
and sodium silicate with silicate modulus (Ms) of 2.3 
is produced in Qazvin Silicate Industries Factory in 
Qazvin province, Iran. Using sodium hydroxide as an 
alkaline activator breaks the bonds of silica and alu-
mina in the early stages of geopolymerization. The 
addition of sodium silicate increases the Si/Al ratio in 
the geopolymer system, which results in a more effec-
tive alkaline activator (Ahmari et  al. 2012; Leong 
et al. 2016).

3  Soil stabilization and characterization tests

3.1  Specimen preparation and mechanical 
characterization

In order to prepare the unconfined-uniaxial compres-
sive test specimens, cylindrical molds of 37.5 mm 
in diameter by 80 mm in height were used. A ten-
minute hand mixing process was used to thoroughly 
combine the soil with the geopolymer solution. A 
loading machine was used to statically compact all 
specimens into three equal layers, which were subse-
quently extruded using a Harvard Miniature Compac-
tion Apparatus. As shown in Table 3, binder content 
of 10, 15, 20, and 25% of the dry soil weight was 
used. Calculations for alkaline activators were done 
with the ratios  SiO2/Na2O = 1 and  Na2O/binder = 0.12 
(Ahmari et  al. 2012; Leong et  al. 2016; Cho et  al. 
2017). The required amount of water was considered 
constant at 13.5 wt % (to dry soil) in all specimens. 
After sample preparation with relative densities of 

Table 1  Physical and chemical properties of Firoozkooh sand

Physical properties

�
dmax

�
dmin

D50 D60 Cu Cc Gs

1.63 1.41 0.25 0.27 1.8 0.98 2.67

Chemical properties

Component Si2O Al2O3 Fe2O3 CaO Na2O K2O

Percentage 95–98 0.5–1 0.5–1 0.5–1 0.02–0.5 0.5–0.7

Table 2  Chemical 
properties of GGBS

Component SiO2 Al2O3 Fe2O3 CaO Na2O MgO K2O TiO2 MnO SO3

Percentage 35.9 10.35 0.55 34.31 1.4 7.73 0.99 0.86 1.62 4.57

Table 3  Program of experiments

* Oven curing condition = 60 °C, relative humidity 15%
a Ambient curing condition = 25 °C, relative humidity 70%
b Non-carbonated samples

Relative density 
(%)

Binder content (%) Curing condition Curing time 
(day)

CO2 pressure (kPa) Carbonation 
time (hour)

30,80 10,15,20 OC*,  ACa 7 Atmosphereb, 100, 200 1
30,80 25 OC, AC 7 100 1
80 20 OC, AC 7 300 1
80 20 OC, AC 3, 14 Atmosphere, 100 1
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30 and 80%, initial curing was applied to each sam-
ple. All samples were exposed to two different curing 
conditions; oven condition (samples were put in an 
oven with temperature of 60 °C and relative humid-
ity 15%) and ambient condition (samples were put in 
a humidity chamber with temperature of 25  °C and 
relative humidity 70%) for 7 days, except samples 
treated for 3 and 14 days to evaluate the effect of cur-
ing time. To consider the effect of curing condition in 
different regions with various climates, the oven con-
dition was applied to simulate the curing condition 
in arid regions. Carbonated samples were exposed to 
accelerated carbonation at 100, 200 and 300 kPa pres-
sure for 1  h (equilibrium time) and then compared 
with the non-carbonated control sample. To prevent 
carbonation in non-carbonated samples, the samples 
were put in a sealed bag after initial curing. A labora-
tory setup was used for the carbonation process in this 
study, Fig.  2. This setup consists of a cell that pro-
vides the desired  CO2 pressure for the carbonation of 
the samples.

A universal testing device (Digital Tritest 50/
ELE) was used to measure UCS. The rate of axial 
strain was regulated at 1 mm/min. The average of 
three specimens’ mechanical strength was used as the 
strength of specimen.

3.2  Equilibrium Time

Figure 3 shows the increase in the weight of carbon-
ated samples during exposure to  CO2. On the assump-
tion that all of the injected  CO2 reacts entirely with 

GGBS, the amount of  CO2 intake can roughly indi-
cate the amount of carbonation products, which will 
aid in explaining how UCS evolved. Given the pro-
longed hydration of GGBS,  CO2 absorption is the pri-
mary cause of the little weight gain of solidified sam-
ples exposed to  CO2 carbonation (Wang et al. 2019). 
Figure  3 shows that the weight of the samples con-
tinued to grow for up to 60 min, which indicates that 
the samples had absorbed carbon dioxide. The weight 
of the sample is nearly set after 60 min. Thus, that 
amount of time is sufficient for carbonation. All car-
bonated samples are treated to  CO2 pressure for one 
hour in the accelerated carbonation cell.

Fig. 2  Schematic diagram 
of carbonation apparatus

Fig. 3  Evolution of  CO2 absorption amount with carbonation 
time
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3.3  Calcimeter test

Calcimeter test was performed on carbonated 
treated samples to determine the amount of  CaCO3. 
The calcimeter is an instrument for measuring the 
amount of carbonate in soil (Fig.  4). In this tech-
nique, a volumetric approach determines the 
amount of carbonates in a sample; the gas volume 
of  CO2 produced by the reaction between soil and 
hydrochloric acid is used to calculate the  CaCO3 
content. In this investigation, the amount of inor-
ganic carbonate present in the carbonated treated 
samples was quantified using a calcimeter, and 
the results were compared to those of the non-car-
bonated treated samples. The test was performed 
using a calcimeter according to the standard ISO 
10693(1995E) (2014).

3.4  Microstructural characterization

The alkali-activated GGBS stabilized soil samples 
were analyzed by X-ray diffraction (XRD) utilizing 
a Panalytical Company X’Pert Pro device with a 
Cu anode material, a 2θ range of 5–85° performed 
at 40 kV and 40 mA. The powder materials were 
compressed into KBr pellets for FTIR analysis 
using a PerkinElmer Company FTIR spectrometer 
instrument. The Scanning Electron Microscopy 

(SEM) setup (TESCAN vega 3, Czech Republic) 
was used in the backscattered electron (BSE) mode 
at 20 kV accelerating voltage in a high vacuum 
condition. To determine the elemental analysis of 
the specimens, EDS at 20 kV fully incorporated 
into the TESCAN system was utilized.

4  Results and analysis

4.1  Compressive strength

The influence of parameters such as carbonation 
pressure, binder to soil ratio, relative density, and 
different curing conditions and times on compressive 
strength were investigated. The results show that the 
carbonated samples achieved higher compressive 
strength than the non-carbonated samples.

Figure  5 depicts compressive strength develop-
ment for carbonated specimens under various  CO2 
pressures, varied binder contents, and different rela-
tive densities under two curing conditions. The sam-
ples were carbonated for an hour following 7-day 
initial curing period in oven or ambient temperature. 
Carbonated samples were subjected to  CO2 at pres-
sures of 100, 200, and 300 kPa and then compared 
with non-carbonated samples to investigate the effect 
of carbonation pressure on mechanical strength of 
specimens. Noteworthy, zero pressure denotes non-
carbonated samples. In general, samples under car-
bonation achieved higher compressive strength than 
non-carbonated samples. At a relative density of 80% 
and a binder content of 20% in the OC and AC con-
ditions, the compressive strength of non-carbonated 
samples increased from 6.7 and 10.81 MPa to 12.14 
and 15.11 MPa in samples with 100 kPa carbonation 
pressure, respectively.

Previous research showed that a greater  CO2 
pressure is generally helpful to the dissolving of  CO2 
in water to generate carbonate  (CO3

2−) or bicarbonate 
 (HCO3

−), which may improve the carbonation degree 
(Song et  al. 2021). As a result, it is anticipated 
that, under situations where other variables remain 
constant, an increase in  CO2 pressure will lead to a 
higher carbonation degree and, consequently, a rise 
in the  compressive strength. However, the findings 
demonstrate that strength decreases slightly as 
carbonation pressure is raised to 200 and 300 kPa. 
The explanation for this adverse effect may be that 

Fig. 4  Calcimeter instrument
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increasing  CO2 pressure prompts rapid precipitation 
of carbonate minerals, which leads to a faster 
obstruction of slag pores and a quicker production 
of protective carbonate coatings on the grain surface, 
hindering contact between slag and  CO2 (Polettini 
et al. 2016; Song et al. 2021; Li and Wu 2022).

As shown in Fig.  5, compressive strength has 
been improved by adding more slag, from 10 to 15 
and finally 20%, in samples with relative densities 
of 30% and 80%  under various curing conditions 
for carbonated and non-carbonated samples. The 
chemical composition of ground blast furnace slag 
is the cause of this rise in UCS. Calcium oxide, 
which composes 34% of the GGBS chemical 
structure, is crucial for absorbing carbon dioxide 
and forming carbonates, which boosts soil stability 
(Song et  al. 2021). As a result, there is increased 
UCS  due to more calcium. Furthermore, the soil’s 
mechanical properties have been enhanced by 

the coexistence of sodium aluminosilicate gel, a 
product of geopolymerization, and calcium silicate 
hydrate gel, which is brought on by the presence of 
calcium (Ghadir and Razeghi 2022). In other words, 
activating high-calcium slag includes calcium 
dissolving and aluminum’s participation in forming 
C–(A)–S–H gel, which raises compressive strength. 
However, the major reaction product in these systems 
is sodium aluminosilicate gel. This three-dimensional 
N–A–S–H gel increases strength because of 
alkaline activation of the aluminosilicate gel (Phoo-
Ngernkham et al. 2015; Miraki et al. 2021).

In addition to 7-day, 3-day and 14-day samples 
were prepared to evaluate the influence of curing 
time on compressive strength and the effect of car-
bonation at various ages. Figure 6 demonstrates that 
under both OC and AC curing conditions, the growth 
in compressive strength was maintained until 14 days 
at atmospheric pressure. However, the rate of strength 

Fig. 5  Compressive strength of carbonated and non-carbonated specimens at ambient and oven curing conditions with different 
binder contents and relative densities
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development of non-carbonated samples was substan-
tially higher until 7 days and subsequently decreased. 
Samples were carbonated under 100 kPa after being 
cured for 3, 7, or 14  days. Accelerated carbonation 
has caused a considerable increase in compressive 
strength in samples of all ages and ambient condi-
tion. While at 14  days under oven curing condition, 
the effect of carbonation on UCS has diminished, 
resulting in a drop in compressive strength relative 
to the 7-day carbonated sample. This can be attrib-
uted to the role of moisture in the carbonation reac-
tion; because accelerated carbonation mimics natural 
weathering,  CO2 combines with metal-oxide in the 
presence of water to speed up the reaction (Pan et al. 
2016; Chiang and Pan 2017). In oven condition, with 
increasing curing time, the sample’s moisture con-
tent decreases; that is why the effect of carbonation 
process has reduced after 14  days of curing in dry 
condition. Two curing conditions (OC and AC) were 
examined in this study, and the outcomes of each are 
displayed separately in Figs.  5 and 6. The ambient 
condition, which includes a temperature and relative 
humidity of 25 ℃ and 70%, respectively, are more 
favorable for curing GGBS and achieving a higher 
compressive strength (Miraki et  al. 2021). Similar 
results were observed in previous research. In the 
study by Bilim et  al., the GGBS mortars that were 
cured at 23 ± 2 °C and 95% relative humidity showed 
the best results (Bilim et  al. 2013). Conversely, low 
relative humidity and dry curing condition resulted 
in the lowest curing performance for GGBS mortars’ 

mechanical properties (Bilim et al. 2013). Numerous 
studies have demonstrated that the incorporation of 
GGBS into soil enhances its strength at ambient tem-
perature. This can be attributed to the heightened for-
mation of CSH gel within the modified soil structure, 
which is facilitated by the amorphous phase of the 
GGBS binder. Furthermore, curing the GGBS-mod-
ified soil at ambient temperature improves the forma-
tion of aluminosilicate gel within the sample, further 
contributing to its strength. In contrast, subjecting the 
modified soil to a high temperature of 60 ºC has been 
shown to decrease its strength. This phenomenon 
can be linked to the loss of structural water, a crucial 
factor in facilitating the geopolymerization process 
(Miraki et al. 2021).

4.2  Calcimeter Test

The carbonates formed due to  CO2 absorption were 
the reason for the carbonated samples’ increased 
compressive strength than non-carbonated samples. 
The amount of carbonate produced in the chosen 
samples was measured using the calcimeter test. The 
samples’ variations in carbonate content and their 
relationship to UCS based on carbonation pressure, 
binder content, relative density, and curing time are 
shown in Figs. 7 a, b, c, d, respectively.

In Fig.  7a, to study the effect of carbonation on 
the carbonate content, the curing time of 7 days, the 
binder content of 20%, and the relative density of 
80% were considered constant. Under both curing 

Fig. 6  Compressive 
strength of non-carbonated 
and carbonated samples at 
different curing times and 
conditions for 20% binder 
and 80% relative density
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conditions, the amount of carbonate formed in the 
carbonated samples is greater than in the non-carbon-
ated samples. However, compared to the pressure of 
100 kPa, the amount of carbonate generated at 300 
kPa has altered slightly. The higher UCS of carbon-
ated samples is attributable to the carbonate generated 
by  CO2 absorption. Meanwhile, increasing carbona-
tion pressure did not affect the growth in carbonate 
content and UCS.

The binder content effect on the carbonate content 
and UCS is demonstrated in the 7-day samples with 
an 80% relative density, as shown in Fig.  7b, under 
a constant carbonation pressure of 100 kPa. GGBS 
is a calcium-rich binder, which participates in the 

carbonation reaction, so increasing the amount of 
binder increases the carbonate content and UCS of 
the samples (Song et al. 2021). As shown in Fig. 7c, 
carbonate content in the sample structure with a den-
sity of 30% is considerably greater than that of 80%. 
In other words, the maximum carbonate content 
measured corresponds to samples with a Dr of 30%. 
This is due to the presence of more voids in the struc-
ture of 30% relative density samples, which permits 
greater  CO2 penetration into the structure of the stabi-
lized sample. However, as expected, the compressive 
strength of denser samples is greater.

The effect of accelerated carbonation in the 14-day 
samples  is significant in ambient condition, as was 

Fig. 7  Variations of carbonate content and UCS based on: a Carbonation pressure; b Binder content; c Relative density; d Process-
ing time
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discussed in the previous section. In contrast, the 
effect of carbonation diminishes in oven condition 
as the initial curing time increases. Figure 7d shows 
that as the initial curing time increases, the amount of 
carbonate generated in the sample under carbonation 
of 100 kPa and its compressive strength increase. 
However, according to the trend of the UCS diagram, 
under oven condition, the amount of carbonate 
generated in a 14-day curing sample is smaller than 
7-days. This shows that increasing the initial curing 
time can reduce the effect of accelerated carbonation. 
The carbonate content measured in the samples cured 
in ambient conditions is higher than under oven 
conditions, which is also supported by the results of 
the uniaxial strength test, as shown in all Figs. 7a, b, 
c, d for the identical samples under different curing 
conditions.

4.3  FTIR Test

The FTIR spectra of non-carbonated and carbonated 
samples at various pressures, curing times and condi-
tions, and relative densities are shown in Fig. 8. The 
strong peak formed in the range of 3400–3500  cm−1, 
attributed to the stretching vibration of OH–, is asso-
ciated with water (Chen and Gao 2019; Syed et  al. 
2020). This water is either absorbed on the surface 
material or trapped in the holes of the geopolymer 
structure. Additionally, the small peaks seen in the 
1600–1700  cm−1 range are due to the bending vibra-
tion of OH– (Miraki et al. 2021; Santos et al. 2021). 
The absorption bands that occurred at wavenumbers 
between 1410 and 1458  cm−1 indicate the asymmet-
ric tensile bonds of O–C–O, which are often gener-
ated by the carbonation of geopolymeric materials 

Fig. 8  FTIR spectra of the 
carbonated and non-carbon-
ated samples
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(Chen and Gao 2019; Miraki et al. 2021). This shows 
the presence of carbonate  (CO3

−2) associated with 
calcite  (CaCO3 polymorph) in the sample structure 
(Fasihnikoutalab et  al. 2017; Santos et  al. 2021). In 
the spectrum of non-carbonate samples, there is no 
distinct peak in the range of 1410  cm−1. However, 
when these samples are subjected to carbonation, the 
intensity of the peak in this range, which corresponds 
to the O–C–O bond in carbonates, increases signifi-
cantly. This increase was attributed to the develop-
ment of carbonates like calcite in the sample’s struc-
ture as a result of accelerated carbonation and  CO2 
pressure.

The absorption bands appearing between 980 and 
1100  cm−1 correspond to bending vibrations of Si–O 
bonds in tetrahedral Si–O, symmetric vibrations in 
Si–O–Si bonds, and stretching vibrations in Si–O–Al 
bonds in C–S–H gel (Antunes Boca Santa et al. 2013; 
Jha et  al. 2020). This absorption band, which is 
introduced as the essential properties of the molecular 
structure of geopolymer, is abundant in the FTIR 
spectra of aluminosilicate materials (Antunes Boca 
Santa et  al. 2013; Chen and Lu 2015; Adak et  al. 
2017; Fasihnikoutalab et al. 2017; Miraki et al. 2021; 
Santos et al. 2021). Because Si–O bonds are stronger 
than Al–O bonds,  AlO4 tetrahedral structures have 
been replaced by  SiO4 as a result of the expansion of 
geopolymerization reactions and the creation of the 
interconnected geopolymer network. This has caused 
this band to shift to lower wavelengths (Antunes 
Boca Santa et al. 2013; Santos et al. 2021). Al–OH, 
Al–O bond stretching, and Si–O vibration stretching 
were related to bands at 914, 790–730, and 680–650 
 cm−1, respectively (Chen and Lu 2015; Adak et  al. 
2017; Fasihnikoutalab et al. 2017; Miraki et al. 2021; 
Santos et al. 2021).

4.4  XRD Test

Figure 9 shows the XRD patterns of carbonated and 
non-carbonated samples with 20% slag treated in 
ambient conditions for 7 days. Amorphous back-
ground signals predominate over crystalline signals in 
all XRD patterns, which is indicative of the materi-
als’ primarily amorphous nature (Santos et al. 2021; 
Marple et al. 2022). The sand primarily consisted of 
the mineral quartz (Q, PDF# 01-087-2096), which 
was caught at the 2θ value of 26.6° identified in all 
samples (Park et al. 2020). A little fraction of calcite 

(C, PDF# 00-003-0596) was identified in the non-car-
bonated sample due to natural carbonation by atmos-
pheric  CO2. No other  CaCO3 polymorphs, such as 
vaterite or aragonite, were found in the non-carbon-
ated sample. In carbonated samples, the intensity of 
peaks associated with calcite has increased, particu-
larly at the 2θ = 29.5°, which suggests the generation 
of more carbonate in the presence of  CO2 pressure. 
In addition, the peaks related to aragonite (A, PDF# 
01-071-2396), vaterite (V, PDF# 00-033-0268), and 
spurrite (S, PDF# 00-004-0640) can be distinguished 
in these samples.

CaCO3 polymorphs (calcite, aragonite, and vater-
ite) precipitate preferentially based on reaction time, 
carbonation degree, and the presence of other chemi-
cals (Liu and Meng 2021). Nevertheless, calcite is the 
most stable calcium carbonate polymorph (Chiang 
and Pan 2017). In this context, it is anticipated that 
calcite will be the predominant  CaCO3 polymorph 
in the advanced stages of carbonation, formed by the 
precipitation and transformation of other calcium car-
bonate compounds (amorphous, vaterite, and arago-
nite) (Park et  al. 2020; Santos et  al. 2021). As seen 
in Fig.  10, the peaks associated to calcite, arago-
nite, and vaterite become increasingly pronounced 
with increasing curing time. Additionally, it can be 
deduced from the XRD patterns of the samples cured 

Fig. 9  XRD patterns of non-carbonated and carbonated sam-
ples with the pressure of 100 and 300 kPa for treated soil with 
20% slag and 80% relative density, cured at ambient condition 
for 7 days
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under ambient and oven conditions that curing under 
ambient condition results in the generation of greater 
geopolymerization and carbonation products.

Figure  11 depicts the pattern of two carbonated 
samples aged under ambient conditions for seven 
days with relative densities of 30% and 80%. It is 
clear that the peaks related to the polymorph of cal-
cium carbonate crystals, such as calcite, aragonite, 

and vaterite, are more intense in the sample, with a 
relative density of 30%. In addition, N–A–S–H (NS, 
PDF# 00-012-0228) and C–S–H (CS, PDF# 01-081-
1987) gels have been detected at a relative density of 
30%, which is a confirmation of the formation of geo-
polymerization products in the sample. Sodium  alu-
minosilicate hydrate (N–A–S–H) and calcium sili-
cate hydrate (C–S–H) were produced by the alkaline 
activation of slag. (N, C)–A–S–H gel has a high silica 
content (Sivapullaiah and Jha 2014). It is composed 
of a blend of crystalline and amorphous structures, 
which contributes to mechanical strength develop-
ment and compacted microstructure density of speci-
mens (Ghadir and Razeghi 2022). The sample with 
30% relative density contains more voids than the 
sample with 80% relative density, making it more sus-
ceptible to  CO2 absorption in the form of carbonates 
and geopolymerization products. According to the 
calcimeter test, the amount of carbonate recorded is 
51.5 g per kg of GGBS-stabilized soil, which can be 
a proof for the high carbon capture potential of slag.

4.5  SEM–EDS characterization

The SEM images of carbonated and non-carbonated 
samples with a 20% binder content are shown in 
Fig. 12. Selected samples have been cured in ambient 
conditions.

In Fig.  12a, adding activated slag to the soil 
results in the creation of aluminosilicate gel, which 
binds the soil particles together, hence increasing the 
soil’s strength.  EDS elemental analysis reveals the 
presence of calcium, aluminum, silicon, and sodium 
in the arrow-marked region of the sample structure, 
which suggests the production of C–(A)–S–H and 
N–(A)–S–H gels (Arabi et  al. 2016). However, 
certain voids and cracks are detected in the sample’s 
structure before carbonation, and the circle in the 
picture marks some unreacted slag. In contrast, in 
the carbonated sample (Fig.  12b), the carbonation 
pressure accelerated the reaction and created a 
smooth and dense surface. The elemental analysis 
of this sample reveals a higher proportion of 
carbon, which overlaps with a higher quantity of 
calcium, indicating the creation of more carbonates 
in the carbonated  sample (Chiang and Pan 2017; 
Praneeth et al. 2020). In the carbonated sample with 
a relative density of 30% (Fig. 12c), more carbonate 
crystals are observed. These formations are typical 

Fig. 10  XRD patterns of carbonated 20% slag and 80% rela-
tive density treated soil at different curing times and conditions

Fig. 11  XRD pattern of carbonated stabilized soil (20% 
GGBS) cured at ambient condition for 7 days, with different 
relative densities
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Fig. 12  SEM micrographs 
and EDX analysis of a 20% 
non-carbonated sample 
after 7 days ambient curing, 
b 20% carbonated sample 
after 7 days ambient curing, 
c 20% carbonated sample 
with Dr 30% after 7 days 
ambient curing, d 20% 
carbonated sample after 14 
days ambient curing
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of  CaCO3, which is supported by EDS spectra that 
show carbon (C), oxygen (O), and calcium (Ca) 
peaks. The carbon peak of the carbonated pattern 
grew dramatically, according to EDS analysis [10]. 
Calcite, aragonite, and vaterite were also found 
in the carbonated sample by XRD. Typically, 
calcite crystals are rhombohedral, prismatic, or 
scalenohedral, whereas aragonite crystals are 
needle-like. In nature, calcium carbonate can be 
found in two different shapes: hexagonal (as calcite) 

and orthorhombic (as aragonite) (Chiang and Pan 
2017). These results support the high strength of 
samples with a relative density of 30% (almost the 
same as samples with a density of 80%). Figure 12d 
demonstrates that in ambient condition, as cur-
ing time increases, more carbonates are generated, 
resulting in a denser structure than the 7-day sam-
ple. The EDS analysis reveals a substantial increase 

Fig. 13  Schematic diagram of accelerated carbonation using alkali activation of industrial wastes
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in the amount of carbon compared to the 7-day sam-
ple, confirming the development of carbonates.

5  Discussion

The conceptual diagram of accelerated carbonation 
using alkali activation of soild wastes is shown in 
Fig. 13. This environmentally friendly method pro-
vides the opportunity to convert gaseous  CO2 into 
solid carbonates, so that we can achieve a sustain-
able way to control  CO2 emissions. Additionally, 
after carbonation, the chemical and physical char-
acteristics of industrial wastes could be improved, 
allowing for their reuse in a range of engineering 
applications as green building materials (e.g., sup-
plementary cementitious materials) (Fernández 
Bertos et al. 2004; Chiang and Pan 2017).

The alkali activation process occurs during 
the initial preparation of alkaline wastes. The 
alkali activator solution breaks Si–O and Al–O 
bonds in GGBS throughout the reaction process, 
resulting in mechanical strength development via 
the creation of calcium silicate hydrate (C–S–H) 
and calcium aluminate silicate hydrate (C–A–S–H) 
gels (Miraki et  al. 2021). During the accelerated 
carbonation process, The gaseous  CO2 is dissolved 
into the moisture present in the sample and turned 
into carbonate ions  (CO3

2−). Calcium oxide and 
magnesium oxide, which exist in most industrial 
wastes, are the best metal oxides to react with 
 CO2 (Chiang and Pan 2017). In the presence of 
aqueous conditions, the carbonate ions react with 
the  Ca2+ ions to form carbonate precipitates (Yi 
et  al. 2020). Carbonates crystallize on the surface 
of the particle and form a calcite layer (Chiang and 
Pan 2017; Reddy et  al. 2019; Song et  al. 2021; Li 
and Wu 2022). In extremely severe carbonation 
procedures, the reaction advances and the  CO2 
combines with the C–S–H gel to produce  CaCO3 
and silica gel (Puertas and Palacios 2007). The 
influence of water in the carbonation reaction was 
mentioned in the literature (Fernández Bertos et al. 
2004; Kim and Kwon 2019). In gaseous state, 
 CO2 does not react with calcium-based substances 
effectively. Carbon dioxide needs to be dissolved in 
water to generate carbonic acid  (H2CO3). However, 
a large amount of water causes the carbonation 

process to be inefficient (Kim and Kwon 2019). 
According to Fig.  13, when the water volume 
increased, the diffusion length of  H2CO3 from the 
water’s surface to the calcium-based materials also 
increased (Kim and Kwon 2019). The precipitation 
of calcite particles causes the formation of the 
calcite layer, which acts as a deterrent to the more 
leaching of calcium. As a result,  Ca2+ required for 
the carbonation reaction is not supplied (Li and Wu 
2022).

6  Conclusions

This research studied the potential of using 
alkali-activated GGBS as a green binder in soil 
stabilization projects. In addition, it investigated the 
effect of accelerated carbonation on the mechanical 
and microstructural properties of stabilized soil 
with alkali-activated slag. Based on the results, the 
following conclusions are drawn.

• GGBS was effective for stabilizing sandy soil, 
and by increasing the binder content to 20% of 
the dry weight of the soil, the UCS increased.

• Accelerated carbonation with the development 
of carbonation products such as calcium 
carbonates in the stabilized soil structure 
increases the compressive strength; however, 
the pressure of 100 kPa was sufficient for 
carbonation; expanding the carbonation pressure 
had a negative effect on mechanical strength 
development.

• GGBS is highly reactive at ambient temperature, 
and humidity plays a vital role in the formation 
of carbonation products, so the effect of 
accelerated carbonation on the sample 14 days-
cured samples in oven condition was reduced.

• The calcimeter results’ trend is similar to the 
UCS test, so the increase in samples’ strength is 
attributed to the amount of carbonate formed in 
its structure.

• The highest carbonate content is related to the 
sample with a relative density of 30% due to 
more pores and the possibility of more  CO2 
penetration in its structure.

• The FTIR, XRD, and SEM–EDS-mapping 
microstructure tests show the formation of geo-
polymer gels and carbonate in the samples.
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